Tartari T, Bachmann L, Zancan RF, Vivan RR, Duarte MAH, Bramante CM. Analysis of the effects of several decalcifying agents alone and in combination with sodium hypochlorite on the chemical composition of dentine.
Aim To investigate the effects of several decalcifying agents alone and in combination with sodium hypochlorite (NaOCl) on the organic and inorganic components of dentine using attenuated total reflectance in Fourier transform infrared spectroscopy (ATR-FTIR). Methodology Dentine slices from bovine teeth were submitted to (n = 5) the following: 0.9% saline, 9% and 18% etidronic acid (HEDP), 5% and 10% tetrasodium EDTA (EDTANa 4 ), 17% trisodium EDTA (EDTAHNa 3 ), and 0.5% and 2.0% peracetic acid (PAA) for 0.5-10 min; and to the combinations: G1 -mixture 5% NaOCl + 18% HEDP (5 and 10 min); G2 -mixture 5% NaOCl + 10% EDTANa 4 (5 and 10 min); G3 -2.5% NaOCl (5 min) + 17% EDTAHNa 3 (1 min); G4 -2.5% NaOCl (5 min) + 0.5% PAA (1 min); G5 -2.5% NaOCl (5 min) + 9% HEDP (5 min). Specimens of G3, G4 and G5 received final flushes with 2.5% NaOCl for 0.5-10 min. Amide III/phosphate and carbonate/phosphate ratios of the spectra collected from the dentine specimens before and after immersion in the solutions were determined. Data were submitted to one-way repeated measures and one-way ANOVA.
Results For the same decalcifying agent, the higher the concentration and immersion time the greater the removal of phosphate, exposure of collagen matrix and consequently the increases in amide III/ phosphate ratio. However, significant differences were found only between the two concentrations of PAA (P < 0.05). PAA caused greater increases in this ratio, followed by EDTAHNa 3 , EDTANa 4 and HEDP, and this order was retained in the combinations with NaOCl. This ratio was significantly reduced in G1 (P < 0.05) and not altered in G2 (P > 0.05). Due to collagen degradation, the amide III/phosphate ratio reduced significantly after the use of NaOCl in G3, G4 and G5 (P < 0.05). NaOCl required approximately 0.5 s to deproteinate the collagen matrix exposed after phosphate removal by EDTAHNa 3 and PAA. The carbonate of dentine was removed more rapidly than phosphate by all decalcifying agents alone and in G3, G4 and G5. In the combinations with NaOCl, the last irrigant used defined the dentine amide III/phosphate and carbonate/phosphate ratios. Conclusions HEDP and EDTANa 4 caused minor whilst EDTAHNa 3 and PAA caused greater demineralization of dentine; both effects were time and concentration dependent. NaOCl degraded the dentine organic matrix more rapidly when it was
Introduction
An irrigation protocol based on a combination of several irrigants has been proposed to achieve the objectives of root canal treatment (Yamada et al. 1983 , Zehnder 2006 , as no single irrigant has all the properties of an ideal irrigant (Zehnder 2006 , Haapasalo et al. 2010 . The use of sodium hypochlorite (NaOCl) has been proposed during biomechanical preparation to promote tissue dissolution and kill microorganisms. The use of decalcifying agents such as disodium or trisodium ethylenediaminetetraacetic acid (EDTA) to remove debris and the inorganic phase of the smear layer has also been avocated. Lastly, a flush with an antiseptic such as NaOCl or chlorhexidine is indicated to enhance disinfection further (Yamada et al. 1983 , Zehnder 2006 .
Several solutions have been proposed as substitutes for EDTA with the aim of simplifying and reducing the time of irrigation. Amongst the possible substitutes for EDTA are etidronic acid (HEDP), tetrasodium ethylenediaminetetraacetic acid with alkaline pH (EDTANa 4 ) and peracetic acid (PAA) (Lottanti et al. 2009 , Tartari et al. 2017 . HEDP and EDTANa 4 are weak chelating agents that need 5 min to completely remove the smear layer (De-Deus et al. 2008b , Tartari et al. 2017 . During and after biomechanical preparation, these solutions can be mixed with NaOCl solutions without short-term loss of the desired properties of both compounds (Girard et al. 2005 , Tartari et al. 2015 , 2017 . Besides its ability to remove the inorganic components of the smear layer in 1 min , PAA has an antimicrobial action even in the presence of proteins (Lensing & Oei 1985) , thereby eliminating the need for a final irrigant (Lottanti et al. 2009 ).
However, in addition to the desired effects, the irrigants also act on dentine causing changes to its organic and inorganic components (Hennequin et al. 1994 , Do gan & C ßalt 2001 , Ari & Erdemir 2005 , Cobankara et al. 2011 . These alterations can affect the sealing ability and adhesion of dental materials including resin-based cements and endodontic sealers (De-Deus et al. 2008a , Neelakantan et al. 2011 , and the nature and force of adhesion of microorganisms to dentine (Kishen et al. 2008 , Tang et al. 2011 .
The changes promoted by the irrigants on the composition of dentine can be analysed directly and indirectly by several techniques such as energy-dispersive X-ray spectroscopy (EDS) (Zelic et al. 2014 , Wang et al. 2016 , Raman spectroscopy, atomic force microscopic imaging (AFM) (Zelic et al. 2014) , Sirius red dye under polarized light microscopy (Moreira et al. 2011) , microhardness and roughness tests (Ballal et al. 2010 ) and attenuated total reflectance in Fourier transform infrared spectroscopy (ATR-FTIR) (Tartari et al. 2016) . As the chemical components of dentine such as phosphate, carbonate, organic matter and water strongly absorb the infrared radiation, the ATR-FTIR technique is indicated to determinate the quantities of these compounds in dentine (Bachmann et al. 2003 , Bachmann & Zezell 2010 , Zhang et al. 2010a , Botta et al. 2012 . It requires samples with a flat and polished surface that makes it difficult to simulate clinical conditions such as the effects of the instruments associated with the irrigants. However, the ATR-FTIR method is advantageous for its simplicity and sensitivity, requiring minimal sample preparation and allowing the analysis of the surfaces of thick samples in their natural state, and nondestructivity (Di Renzo et al. 2001a ,b, Zhang et al. 2010a . The ATR-FTIR method allows the characterization of alterations on the chemical composition of dentine surfaces and subsurface before and after it being submitted to physical or chemical treatments (Di Renzo et al. 2001a ,b, Bachmann et al. 2005 , Tartari et al. 2016 .
This study used the ATR-FTIR technique and had two objectives: (i) to determinate the effects on the organic and inorganic components of dentine surfaces when submitted to trisodium EDTA (EDTAHNa 3 ), HEDP, EDTANa 4 and PAA at several concentrations and exposure times, and (ii) to evaluate the effects of several combinations of these decalcifying agents with
NaOCl. The null hypotheses tested were that all decalcifying agents and all combinations of irrigants altered the composition of dentine over time in a similar way.
Materials and methods

Solutions
The 0.9% saline solution, 9% and 18% HEDP, 5% and 10% EDTANa 4 , 17% EDTAHNa 3 , 0.5% and 2% PAA were tested alone and combined with NaOCl at 2.5% and 5%. The 0.9% saline solution and 17% EDTAHNa 3 (Biodinâmica Qu ımica e Farmacêutica Ltda., Ibiporã, PR, Brazil) used in the experiments were commercially available products. All other solutions were prepared in the laboratory. To obtain solutions of 9% and 18% HEDP (Zschimmer & Schwarz, Burgst€ adt, Germany), 0.5% and 2% PAA (Sigma-Aldrich, St. Louis, MO, USA) and 5% and 10% EDTANa 4 (Labsynth, Diadema, SP, Brazil), the chemicals were mixed with distilled water. The stock solution of NaOCl (Sigma-Aldrich) had its free chlorine concentration determined by iodometric titration and was then diluted in distilled water to obtain the 2.5% and 5% NaOCl solutions. All these irrigants were prepared immediately before the experiments and stored in airtight, dark containers at 5°C.
Sample preparation
Dentine slices with dimensions of 4 9 4 9 0.8 mm (length 9 width 9 thickness) were obtained from crowns of bovine incisor teeth. The outer surface of each specimen was submitted to sequential polishing with silicon carbide abrasive paper with 4000 grit (Buehler, Lake Bluff, IL, USA) and alpha alumina suspensions with 1 and 0.3 lm (Struers, Ballerup, Denmark). This procedure achieves a flat and smooth surface that favoured the absorbance of infrared radiation. Then, the specimens were immersed in distilled water and submitted to ultrasonic agitation for 1 min to remove the residues from polishing.
FTIR analysis -decalcifying agents
The compositional analysis of all specimens was performed using the Nicolet 380 FTIR spectrophotometer (Thermo Scientific Inc., Waltham, MA, USA) with a diamond ATR set-up (Smart OMNI-Sampler, Thermo Scientific Inc.). The specimens were dried with absorbent paper to avoid excessive dehydration so as to reproduce tissue characteristics found in the clinical environment (Botta et al. 2012) . For the measurement, the specimens were positioned with the polished surface in contact with the diamond crystal of the ATR set-up and the initial spectra were recorded. The ATR-FTIR spectra of each sample were obtained with 1 cm À1 resolution, with 32 scans in the range of 4000 and 400 cm
À1
, and were recorded using the OMNIC Spectra Software (Thermo Electron Scientific Instruments LLC, Madison, WI, USA).
Then, the specimens were assigned to the following eight groups (n = 5): G1 -0.9% physiological saline solution (control); 0.9% physiological saline solution (control), 9% and 18% HEDP, 5% and 10% EDTANa 4 , 17% EDTAHNa 3 and 0.5% PAA and 2% PAA. These specimens were placed inside microtubes containing 1.5 mL of the solutions for 0.5 min and ultrasonicated for 15 s. Subsequently, to remove the irrigants, the specimens were transferred to microtubes containing 1.5 mL of distilled water and immersed for 1 min, of which 15 s were under ultrasonic agitation. Then, the specimens were dried with absorbent paper, and a new infrared spectrum was recorded. These steps were repeated resulting in a sequential treatment with spectra measurement of samples at time intervals of 0, 0.5, 1, 2, 3, 5, 8 and 10 min. The solutions were changed at time intervals of 2, 5 and 8 min to prevent the depletion of the decalcifying effect. After achieving the spectrum of specimen treated for 1 min, the ultrasonic agitation time was changed to only 15 s per each minute of immersion in the solutions.
The infrared bands considered for this study were amide III (1298-1216 cm ). The areas under the considered bands were determined after the baseline tracing, and the values obtained were used to calculate the amide III/phosphate and carbonate/phosphate ratios and the relative alterations in the contents of inorganic and organic components of dentine (Tartari et al. 2016) .
FTIR analysis -combinations of irrigants
After the analysis of the effects of the decalcifying agents, several concentrations of these substances were chosen and employed associated with NaOCl solutions. New samples were prepared and distributed in to five groups (n = 5) according to the following combinations: G1 -mixture of 5% NaOCl and 18% HEDP in a proportion of 1 : 1 (5 and 10 min); G2 -mixture of 5% NaOCl and 10% EDTANa 4 in a proportion of 1 : 1 Irrigants and dentine composition Tartari et al.
(5 and 10 min); G3 -2.5% NaOCl (5 min) + 17% EDTAHNa 3 (1 min) + 2.5% NaOCl (0.5, 1, 3, 5 and 10 min); G4 -2.5% NaOCl (5 min) + 0.5% PAA (1 min) + 2.5% NaOCl (0.5, 1, 3, 5 and 10 min); G5 -2.5% NaOCl (5 min) + 9% HEDP (5 min) + 2.5% NaOCl (0.5, 1, 3, 5 and 10 min);
These samples were submitted to irrigants in the same way as described above, and the spectra were collected at the beginning and after immersion in each solution. For the final flush, the NaOCl was renewed after 5 min. The alterations in dentine composition produced by the combinations of irrigants were also determined by the amide III/phosphate and carbonate/phosphate ratios.
Statistical analysis
The values of amide III/phosphate and carbonate/ phosphate ratios were normally distributed according to the Shapiro-Wilk test, allowing the use of parametric statistical tests. The data of the same experimental group were submitted to one-way repeated measures analysis of variance (ANOVA) and Tukey's multiplecomparison test to detect any differences in the composition of the specimens before and after immersion in the irrigants. One-way analysis of variance (ANOVA) and the post hoc Tukey tests were used to detect differences amongst groups at the same period of immersion. All hypotheses tests were performed at a 99% confidence level. Table 1 presents the mean and standard deviation values of amide III/phosphate ratio for all decalcifying agents at different time intervals. Except for 9% and 18% HEDP, the use of all other decalcifying agents resulted in significant increases in this ratio (P < 0.05) due to dissolution of apatite and the creation of a partially demineralized collagen matrix. For all irrigation solutions, as the concentrations and their contact time with dentine increased, greater changes were observed on the surface, although there were no significant differences between 9% and 18% HEDP and between 5% and 10% EDTANa 4 at all periods analysed (P > 0.05). Between 0.5% and 2.0% PAA, the differences were identified immediately after 0.5 min of immersion (P < 0.05). Significant differences to the initial amide III/phosphate ratios in the intragroup comparison occurred after 3, 10, 10, 8 and 10 min of immersion in the solutions of 5% and 10% EDTANa 4 , 17% EDTA, 0.5% and 2.0% PAA, respectively. The intergroup comparisons revealed that 2% PAA caused the greatest increases in the amide III/phosphate ratio, followed by 0.5% PAA and 17% EDTA, whilst minor changes were caused by 5% and 10% EDTANa 4 and 9% and 18% HEDP. After 10 min of immersion, the alterations caused were in the following order 2.0% PAA > 0.5% PAA = 17% EDTA > 10% EDTANa 4 = 5% EDTANa 4 = 18% HEDP = 9% HEDP = saline (P < 0.05).
Results
Decalcifying solutions
In Table 2 , the results of dentine treatment with the decalcifying agents in the carbonate/phosphate ratio are presented. When compared to the initial dentine composition, significant differences in this ratio (P < 0.05) were observed after 5, 5, 2, 10, 5, 8 and 1 min of sample immersion in 9% HEDP, 18% HEDP, 5% EDTANa 4 , 10% EDTANa 4 , 17% EDTA, 0.5% PAA and 2% PAA solutions, respectively. As with the amide III/phosphate ratio, the intergroup comparisons confirmed that PAA caused the greatest alterations in the carbonate/phosphate ratio, followed by 17% EDTAHNa 3 , whilst minor changes were caused by 5% and 10% EDTANa 4 and 9% and 18% HEDP. At 10 min, the order of intergroup alterations for this ratio was 2% PAA = 0.5% PAA (P > 0.05) and major than all other groups (P < 0.05), whereas 0.5% PAA had similar effects than 17% EDTAHNa 3 (P > 0.05) and major than all other groups (P < 0.05). The 17% EDTAHNa 3 had similar effects to 5 and 10% EDTANa 4 (P > 0.05), and greater effects than the other groups (P < 0.05), whereas 5% and 10% EDTANa 4 , 9% and 18% HEDP and saline were similar to each other (P > 0.05).
Although the saline solution caused changes in the dentine surface, these changes were not sufficient to alter significantly the amide III/phosphate and carbonate/phosphate ratios (P > 0.05).
Combinations of irrigants
The results of dentine treatment with the different combinations on amide III/phosphate ratios are shown in Table 3 . Collagen dissolution by NaOCl was higher than the demineralization induced by HEDP in G1, with significant decreases in amide III/phosphate ratio over time (P < 0.05). In G2, the effects of NaOCl and EDTANa 4 were similar, preserving the natural proportion of organic/inorganic matter of dentine (P > 0.05). The first 5 min of immersion in NaOCl Table 1 Mean (X) and standard deviation (SD) values for the ratio of amide III/phosphate on dentine surface before and after immersion in the irrigation solutions at different periods of time The mean and standard deviation values are multiplied by 10
À3
; different lowercase letters in rows indicate statistically significant intragroup differences (one-way repeated measures ANOVA
and Tukey post hoc P-value <0.01); different capital letters in columns indicate statistically significant intergroup differences in the same time period (one-way ANOVA and Tukey post hoc P-value <0.01).
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caused a slow, but significant reduction in amide III/ phosphate ratios in G3, G4 and G5, compared to the initial value (P < 0.05), without intergroup differences (P > 0.05). When used in the combinations, the decalcifying agents had different rates of actions on dentine. The EDTAHNa 3 and PAA acid significantly increased this ratio compared to the initial value (P < 0.05), whereas in G5, HEDP kept this value similar to the initial level (P > 0.05). The alterations in amide III/phosphate ratios after the use of decalcifying agents were identified in the following intergroup order G4 > G3 > G5 = G1 = G2 (P < 0.05). The NaOCl effects on the collagen exposed by PAA and EDTAHNa 3 were faster than on the collagen of mineralized dentine; it required approximately 0.5 min to deproteinate all fibres and restore the dentine surface to its natural proportion of amide III/phosphate in G3 and G4. After the 0.5 min of final flush with NaOCl, the speed of deproteination decreased and became similar to that observed in the first 5 min of immersion in NaOCl. There were no differences amongst G3, G4 and G5 after 3 min of final flush with NaOCl (P > 0.05).
The one-way repeated measures analysis of variance of the carbonate/phosphate ratio revealed that it was not altered in G1 and G2 over time (P > 0.05; Table 4 ). In G3, G4 and G5 significant reductions in this ratio were identified after the initial immersion in NaOCl (P < 0.05). After the use of decalcifying agents, this ratio was similar to the initial value in G3 and G4 (P > 0.05); however, it continued to decrease in G5 (P < 0.05). The final flush with NaOCl decreased this ratio again in G3 and G4, and differences from the baseline value were found after 3 and 0.5 min, respectively (P < 0.05). However, no more changes in carbonate/phosphate ratio occurred after these time intervals. Intergroup comparisons revealed that all groups had similar effects in this ratio in the periods analysed (P > 0.05).
Discussion
In this study, the null hypotheses tested whether all decalcifying agents and all combinations of solutions altered the chemical composition of dentine in a similar way. Both of these hypotheses were rejected. The results showed that (i) the various decalcifying agents decreased the bands associated with phosphate and carbonate apatite at different rates, (ii) the combinations of solutions had both different types and rates of actions on dentine that depended on the solutions employed. Furthermore, the last irrigation solution used defined the characteristic of the dentine surface available for interaction with the material used in the root filling or the microorganisms in case of recontamination.
The spectra obtained from samples submitted to PAA and EDTAHNa 3 revealed a shift in the position of the band assigned to amide I after immersion in the solutions (data not shown). This fact is related to the overlapping between the amide I band and a band of water and shows that this band is not reliable for use in the analysis of dentine composition. Based on this, the changes in dentine components were determined by the ratios of amide III/phosphate (PO (Tartari et al. 2016) .
The evaluated decalcifying agents demineralized dentine and created surfaces rich in collagen but apatite-sparse, which were expressed as increases in the amide III/phosphate ratio (Table 1) . However, the results showed that the alterations caused on dentine by these solutions occurred at different rates. The HEDP at concentrations of 9% and 18% did not alter the amide III/phosphate ratio of the dentine, and the EDTANa 4 at 5% and 10% caused minor reductions in the phosphate groups. These results are in accordance with previous studies that reported that HEDP and EDTANa 4 were weak chelating solutions (O'Connell et al. 2000 , Lottanti et al. 2009 , Tartari et al. 2017 . The 2.0% PAA was the strongest demineralizing agent tested, as it caused substantial phosphate removal and exposure of the collagen matrix. Consequently, it produced major increases in the amide III/phosphate ratio when compared with all other groups. However, the increases in this ratio caused by 0.5% PAA were similar to that promoted by 17% EDTAHNa 3. When comparing the changes produced by irrigants on the amide III/phosphate ratio during the time required for each solution to remove the smear layer, it was observed that 17% EDTAHNa 3 and 0.5% and 2.0% PAA used for 1 min removed an amount of dentine mineral much higher than 5% and 10% EDTANa 4 , and 9% and 18% HEDP used for 5 min (Table 1 and Fig. 1 ). These results showed that HEDP and alkaline EDTANa 4 at the concentrations tested were weaker chelating solutions that cause little alteration or demineralization on dentine structures agreeing with previous studies (O 'Connell et al. 2000 , De-Deus et al. 2008b , Tartari et al. 2017 . PAA in concentrations above 0.5% should be Tartari et al. Irrigants and dentine composition International Endodontic Journal, 51, e42-e54, 2018 Table 3 Mean (X) and standard deviation (SD) values for the ratio of amide III/phosphate on dentine surface before and after immersion in each irrigation solution of the different irrigation combinations The mean and standard deviation values are multiplied by 10
À3
Irrigants and dentine composition Tartari et al. Table 4 Mean (X) and standard deviation (SD) values for the ratio for the ratio of carbonate/phosphate on dentine surface before and after immersion each irrigation solution in the different irrigation combinations The mean and standard deviation values are multiplied by 10
and Tukey post hoc P-value <0.01); different capital letters in columns indicate statistically significant intergroup differences in the same time period (one-way ANOVA
and Tukey post hoc P-value <0.01).
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International Endodontic Journal, 51, e42-e54, 2018 used carefully due its higher demineralizing ability (Cobankara et al. 2011) . Another important fact is that despite the 0.5% PAA solution having a quarter of the concentration of the 2.0% solution, the increases in the amide III/ phosphate ratio caused by the former were about half of the increases produced by the latter (Table 1) . These results in relation to phosphate removal may be caused by two factors. One factor is that mineral depletion close to the surface may lead to a slower diffusion rate through the exposed collagen layer, resulting in a diffusion-controlled process that decreased the etching rate (Marshall et al. 1993 , Di Renzo et al. 2001a . The second factor is that the penetration of the infrared evanescent wave in dentine is limited; thus, the data collected only represent the superficial subsurface characteristics. If the demineralizing front was beyond the limit of device detection, any spectral changes would have been undetectable (Di Renzo et al. 2001a , Zhang et al. 2010b .
The analysis of the alterations in the amide III/ phosphate ratio produced by the combinations of solutions showed that NaOCl promoted the deproteination of dentine collagen matrix, confirming results of previous studies (Di Renzo et al. 2001b , Borges et al. 2008 , Hu et al. 2010 , Zhang et al. 2010b , Atabek et al. 2014 , Tartari et al. 2016 . In the present study, the NaOCl was used for 5 min in the first step of the combinations applied in G3, G4 and G5, because although NaOCl is used clinically for longer periods, each time that a file is used against the root canal walls, the dentine on the surface is removed and a new layer of dentine is exposed. During this first step, the NaOCl slowly denatured the collagen fibrils encapsulated by apatites on mineralized dentine. This is because they are less vulnerable to the effects of NaOCl, which has to penetrate between crystals to act (Zhang et al. 2010a,b) . However, the collagen exposed after the use of decalcifying agents was quickly attacked by the solution (Table 3 and Fig. 2 ). The demineralization promoted by 0.5% PAA and 17% EDTAHNa 3 after 1 min of immersion had different rates. However, the final flush with 2.5% NaOCl needed about 0.5 min to completely remove the collagen matrix exposed by these two decalcifying agents and restore the dentine surface to its natural amide III/phosphate ratio in G3 and G4. As HEDP did not cause significant dentine demineralization, the final irrigation with NaOCl for 0.5 min resulted in an amide III/phosphate ratio different from the initial value presented by G5. Another important observation made was that after the removal of the exposed collagen, the deproteination process reverted to that observed for encapsulated collagen on mineralized dentine, being much slower and showing little changes over time (Di Renzo et al. 2001b , Tartari et al. 2016 . intensities of the bands on mineralized dentine and on dentine submitted to the decalcifying agents for the time required for each solution to remove the smear layer.
In the combinations of solutions, the required immersion time in the decalcifying agents to completely remove the smear layer was based on the literature (De-Deus et al. 2008b , Tartari et al. 2017 . As in the analysis of the effects of each decalcifying agent alone, the results obtained with the combinations showed different degrees of dentine demineralization and consequently in the exposure of collagen matrix, depending on the decalcifying agent used (Tables 1 and 3 ). The use of decalcifying agents after NaOCl increased the amide III/phosphate ratio, PAA being the solution that caused the major increase, followed by EDTAHNa 3 and HEDP, respectively (Table 3 ). In G5, the amide III/phosphate ratio remained similar to the initial value after the immersion in HEDP. In G2, the different effects of NaOCl and EDTANa 4 had similar rates, whilst EDTANa 4 was demineralizing the dentine, the NaOCl was deproteinating the exposed collagen. This way the amide III/phosphate ratio remained similar to the original value. In G1, the action of NaOCl on organic matter prevailed on the removal of mineral phase by HEDP and this was expressed as a reduction in the amide III/phosphate ratio over time (Table 3) .
This study revealed that strong decalcifying agents such as EDTAHNa 3 and PAA produce a major demineralization, exposing amino groups of the dentinal collagen. The amino groups of collagen can bond chemically with endodontic sealers such as AH Plus, improving the bond strength between the material and dentine (Neelakantan et al. 2015 ). However, a major decalcification of the root canal wall can result in a suboptimal infiltration of the material into the demineralized dentine, forming a weak bond and accelerating interfacial degradation (Perdigao et al. 2001 , Pashley et al. 2004 , De Munck et al. 2005 , Schwartz 2006 , De-Deus et al. 2008a . Alternatively, restoring dentine surfaces to their natural composition can also provide a more favourable and stable adhesion of dental materials over time (Gwinnett 1994 , Wakabayashi et al. 1994 , Di Renzo et al. 2001b . The same principle might be applicable in case of root canal reinfections. Some microorganisms, such as Enterococcus faecalis, have an affinity for collagen and can express factors that increase their adhesion in collagen-rich surfaces (Nallapareddy et al. 2000a ,b, Hubble et al. 2003 . In such cases, combinations of solutions that expose major quantities of collagen fibres on dentine surface create a better substrate for the adherence of these microorganisms (Nallapareddy et al. 2000a , Kishen et al. 2008 . On the other hand, the removal of exposed collagen matrix by a final rinse with NaOCl could reduce the number of adhering bacteria and biofilm formation (Kishen et al. 2008) .
On the inorganic phase of dentine, the substitution of phosphate and hydroxyl ions in apatites by carbonate groups decreases crystallinity and increases the apatite solubility (LeGeros et al. 1967 , Sakae et al. 2003 , Yao et al. 2009 ). This increase in solubility of carbonate compared to phosphate was observed through significant decreases in the initial carbonate/ phosphate ratio. These results were produced by all the decalcifying agents alone and by the NaOCl applied in combination with the solutions over time (Table 2 and 4), corroborating with the findings of previous studies (Sakae et al. 1988 , Borges et al. 2008 , Tartari et al. 2016 . The use of 2.5% NaOCl for 5 min was sufficient to affect the inorganic content of dentine, irrespective of treatment with the demineralizing solutions. In the combinations, the 0.5% PAA and 17% EDTAHNa 3 used for 1 min increased the carbonate/phosphate ratio restoring to the surface a value similar to that presented by dentine before treatments. This reflects their high demineralizing action that should have promoted similar effects on the different inorganic components of dentine (Table 4) . On the other hand, in G5 the HEDP decreased this ratio, which may be due to its weak chelating ability that should have dissolved the carbonate faster than phosphate groups, because of the higher solubility of the former. In G1 and G2, this ratio was not altered, possibly because it was easier for HEDP and EDTANa 4 to remove the phosphate groups from the surface by removing the unbound hydroxyapatite crystals resulting from the action of the NaOCl.
Within the limitations of this study, it is suggested that the decalcifying agents tested have different degrees of action on the mineral phase of dentine and the effects are directly related to the decalcifying capability of the solution, its concentration and immersion time. The combinations of solutions produced surfaces with different chemical functional groups suitable for different kinds of adhesion with dental materials, and these groups are directly related to the last solution applied. Based on these facts, studies should be undertaken to analyse the influence of these different characteristics of dentine surfaces on sealing ability and adhesion of different endodontic sealers and sealers used for cementing fibre posts over time and on the adhesion of microorganisms in case of reinfections.
Conclusions
HEDP and EDTANa 4 solutions cause minor demineralization whilst EDTAHNa 3 and PAA caused a greater demineralization of dentine, both being time and concentration dependent. NaOCl degraded the collagen of the organic matrix of dentine more rapidly when it was exposed than when it was covered by the hydroxyapatite. The combined and sequential treatment of dentine with NaOCl and different decalcifying agents can be used to obtain a dentine surface rich or poor in collagen or to restore its organic/inorganic natural composition for interaction with endodontic sealers, according to the last irrigation solution used.
